The effect of group I metabotropic glutamate receptor (mGluR1 and mGluR5) activation on identified melanin-concentrating hormone (MCH) neurons was studied using patch-clamp recording in hypothalamic slices from green fluorescent protein-expressing transgenic mice. S-3,5-dihydroxyphenylglycine (DHPG), a selective group I mGluR agonist, depolarized MCH cells and increased spike frequency. The mGluR-mediated depolarization was not blocked with tetrodotoxin but was significantly reduced by replacement of extracellular Na ϩ with Tris, by Ni 2ϩ or the Na ϩ /Ca 2ϩ exchanger blocker KB-R7943, or with BAPTA in the pipette, consistent with a mechanism based on activation of the Na ϩ /Ca 2ϩ exchanger. DHPG also decreased potassium currents. DHPG-induced depolarization was reduced by either mGluR1 or mGluR5 antagonists, suggesting involvement of both receptor subtypes. DHPG-induced depolarization desensitized; blockade of mGluR1 prevented the desensitization. Group I mGluR activation enhanced NMDA-evoked currents; this enhancement was remarkably long lasting and could be blocked by protein kinase A or C blockers. DHPG potentiated electrically evoked NMDA receptormediated postsynaptic currents, and mGluR5 antagonists blocked this action. Group I mGluRs increased spontaneous EPSCs in MCH neurons, possibly by stimulation of nearby mGluR-expressing hypocretin neurons. We found no tonic activation of mGluRs. However, electrical stimulation produced a slow inward current, which could be blocked by group I mGluR antagonists, suggesting high, but not low, levels of synaptically released glutamate activated mGluRs. Together, group I mGluRs increase MCH neuron activity by multiple presynaptic and postsynaptic mechanisms, suggesting mGluRs may therefore play a role in hypothalamic signaling relating to MCH neuron modulation of food intake and energy metabolism.
Introduction
The primary excitatory transmitter in the hypothalamus is the amino acid transmitter, glutamate; in the absence of active glutamate receptors, there is relatively little excitatory synaptic action (van den Pol et al., 1990; Wuarin and Dudek, 1991) . Glutamate plays a role in regulating energy metabolism. Injection of glutamate or its receptor agonists into the brain, especially into the lateral hypothalamus (LH), stimulates food intake, sometimes for an extended period; glutamate antagonists suppress eating (Stricker-Krongrad et al., 1992; Stanley et al., 1993 Stanley et al., , 1996 Khan et al., 2004) . Glutamate acts via two broad classes of receptors: the fast-acting ionotropic receptors and the slower-acting G-protein-coupled metabotropic glutamate receptors (mGluRs). Eight mGluR subtypes have been cloned and are classified into three groups based on their sequence homology and signal transduction pathways (Conn and Pin, 1997) . Group I mGluRs (mGluR1 and mGluR5) are distinguished from other mGluRs in that they are coupled to G q/11 proteins and promote phosphoinositide hydrolysis via phospholipase C (PLC) activation and are typically found in postsynaptic membranes (Conn and Pin, 1997) . Activation of group I mGluRs modulates ion channels and increases cell excitability and transmitter release (O'Connor et al., 1994 (O'Connor et al., , 1995 Pin and Duvoisin, 1995; Anwyl, 1999; Krieger et al., 2000) . Group I mGluRs can also have an inhibitory action and attenuate neuronal activity (Yu et al., 1997) .
Both mGluR1 and mGluR5 are selectively expressed in different regions of the brain, including the LH (van den Pol, 1994; van den Pol et al., 1995; Ferraguti and Shigemoto, 2006) . Functional experiments demonstrate that mGluR5 modulates food intake and energy balance (Bradbury et al., 2005) . Group III mGluRs inhibit LH neurons .
Melanin-concentrating hormone (MCH) neurons in the LH play important roles in food intake and energy homeostasis. Injections of MCH into the brain increase food intake (Qu et al., 1996) ; pharmacological blockade of the MCH receptor reduces body weight (Borowsky et al., 2002) . MCH peptide or receptor knock-out mice eat less and have reduced body weight (Shimada et al., 1998; Marsh et al., 2002) . MCH neurons show robust responses to ionotropic glutamate receptor agonists ; metabotropic glutamate receptors have not been examined previously in the MCH neurons.
In the present whole-cell recording study of green fluorescent protein (GFP)-labeled MCH neurons in hypothalamic slices, electrical stimulation of the LH induced a slow inward postsynaptic current, which was not blocked by ionotropic glutamate receptor antagonists but was blocked by group I mGluR antagonists, suggesting that synaptically released glutamate activated mGluRs. We investigated the actions of group I mGluR agonists and antagonists on identified MCH neurons. Our results showed that the group I mGluR agonists excited the MCH neurons through postsynaptic activation of the Na ϩ /Ca 2ϩ exchanger and inhibition of K ϩ currents. mGluR activation mediated a remarkably long-lasting potentiation of NMDA responses and increased spontaneous excitatory synaptic currents in MCH neurons by presynaptic mechanisms.
Materials and Methods
Preparation of hypothalamic slices. Experiments were performed on hypothalamic slices (250 -350 m) obtained from MCH transgenic mice . Fourteen to 21-d-old mice maintained in a 12 h light/dark cycle were given an overdose of sodium pentobarbital (100 mg/kg) during the light part of the cycle (11:00 A.M. to 4:00 P.M.). Their brains were then removed rapidly and placed in an ice-cold, oxygenated (95% O 2 and 5% CO 2 ) high-sucrose solution that contained the following (in mM): 220 sucrose, 2.5 KCl, 6 MgCl 2 , 1 CaCl 2 , 1.23 NaH 2 PO4, 26 NaHCO 3 , and 10 glucose, pH 7.4 (with an osmolarity of 300 -305 mOsm). A block of tissue containing the hypothalamus was isolated, and coronal slices were cut on a vibratome. After a 1-2 h recovery period, slices were moved to a recording chamber mounted on a BX51WI upright microscope (Olympus, Tokyo, Japan) equipped with videoenhanced infrared-differential interference contrast (DIC) and fluorescence. Slices were perfused with a continuous flow of gassed artificial CSF (ACSF) (95% O 2 and 5% CO 2 ) that contained the following (in mM): 124 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.23 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, pH 7.4. Bath temperature in the recording chamber was maintained at 35 Ϯ 1°C using a dual-channel heat controller (Warner Instruments, Hamden, CT). Neurons were visualized with an Olympus Optical 40ϫ water-immersion lens. The Yale University Committee on Animal Care and Use approved all procedures used in this study.
For these experiments, a transgenic mouse was used in which an enhanced and human codon corrected GFP sequence was regulated by the MCH promoter Huang et al., 2007) . As described previously, all GFP-expressing cells in the hypothalamus of this transgenic mouse were also immunoreactive with antisera against the MCH peptide (van den Huang et al., 2007) . The GFP expression was robust, with cell body and proximal dendrites of MCH neurons showing green fluorescence. The MCH neurons expressing GFP in this transgenic mouse appeared to have similar physiological properties to those identified by selective expression of GFP after labeling with a MCH neuron-selective adeno-associated viral vector .
Patch-clamp recording. Whole-cell current-and voltage-clamp recordings were performed using pipettes with 4 -6 M⍀ resistance after being filled with pipette solution. The pipettes were made of borosilicate glass (World Precision Instruments, Sarasota, FL) using a PP-83 vertical puller (Narishige, Tokyo, Japan). For most recordings, the composition of the pipette solution was as follows (in mM): 145 KMeSO 4 (or KCl for IPSCs), 1 MgCl 2 , 10 HEPES, 1.1 EGTA, 2 Mg-ATP, 0.5 Na 2 -GTP, 5 Na 2 -phosphocreatine, pH 7.3, with KOH (with an osmolarity of 290 -295 mOsm). The bath solution for barium current recording contained the following (in mM): 78.0 NaCl, 40 tetraethylammonium-Cl (TEA), 2.5 KCl, 2 MgCl 2 , 5 BaCl 2 , 1.23 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, pH 7.4. Liquid junction potential correction was performed off-line. Slow and fast capacitance compensation was automatically performed using Pulse software (HEKA Elektronik, Lambrecht/Pfalz, Germany). Access resistance was continuously monitored during the experiments. Only those cells in which access resistance was stable (changes Ͻ10%) were included in the analysis. An EPC10 amplifier and Patchmaster software were used for data acquisition (HEKA Elektronik). PulseFit (HEKA Elektronik), Axograph (Molecular Devices, Union City, CA), and Igor Pro (WaveMetrics, Lake Oswego, OR) software were used for analysis. Both excitatory and spontaneous IPSCs were detected and measured with an algorithm in Axograph, and only those events with amplitude Ͼ5 pA were used, as described in detail previously (Gao and van den Pol, 2001 ). The frequency of action potentials was measured using Axograph as well. Data are expressed as mean Ϯ SEM. Group statistical significance was assessed using Student's t test for comparison of two groups, and oneway ANOVA followed by a Bonferroni post hoc test for three or more groups. p Ͻ 0.05 was considered statistically significant.
Evoked postsynaptic currents were obtained by using ACSF-filled, theta glass microelectrodes (resistance, 0.2-0.5 M⍀) as stimulation electrodes. The stimulating electrodes were positioned within the LH, lateral or medial to the recorded neurons. Evoked excitatory NMDA receptormediated postsynaptic currents (NMDAR-EPSCs) were studied with 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 30 M bicuculline (BIC) in the bath to block AMPA and GABA A receptor-mediated synaptic transmission. Currents were evoked by applying pulses (20 -200 A; duration, 200 s) through the electrodes. This stimulation protocol was repeated every 6 s. For paired-pulse ratio experiments, the interstimulus interval was 60 ms, and the ratio between the second and the first evoked currents was calculated and averaged for 30 or more trials. To study the mGluR-mediated currents, high-frequency stimulation was used (20 pulses at 100 Hz, 40 -200 A; duration, 200 s) with ionotropic glutamatergic receptor antagonists DL-2-amino-5-phosphonopentanoic acid (APV) (50 M), CNQX (10 M), and GABA A receptor antagonist BIC (30 M) in the bath.
Drugs and drug application. APV, BIC, and CNQX were purchased from Sigma (St. Louis, MO). Tetrodotoxin (TTX) was obtained from Alomone Labs (Jerusalem, Israel). S-3,5-dihydroxyphenylglycine (DHPG), (S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385), DL-threo-␤-benzyloxyaspartic acid (TBOA), 7-(hydroxyimino)cyclopropachromen-1a-carboxylate ethyl ester (CPCCOEt), (1S,3R) trans-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD), L-quisqualic acid (quisqualate), 2-methyl-6-(phenylethnyl)pyridine hydrochloride (MPEP), chelerythrine chloride, and KT 5720 were obtained from Tocris Bioscience (Ellisville, MO). All drugs were given by large-diameter (500 m) flow pipette, directed at the recorded cell, unless otherwise noted. When a drug was not being administered, normal ACSF continuously flowed from the flow pipe. Drug solutions were prepared by diluting the appropriate stock solution with ACSF.
Results

A slow EPSC is blocked by group I mGluR antagonists in MCH neurons
In the course of studying fast evoked-EPSCs in lateral hypothalamic MCH neurons, we found a slow synaptic component that was not blocked by ionotropic glutamate receptor antagonists APV (50 M) and CNQX (10 M).
To study these slow excitatory currents, electrical stimulus trains were applied to the region of the LH. The ionotropic glutamate receptor and GABA A receptor antagonists were added to the bath to block fast excitatory and inhibitory synaptic responses. In the presence of APV (50 M), CNQX (10 M), and BIC (30 M), MCH neurons were voltage clamped near Ϫ70 mV. Stimulation of the LH with short trains (20 pulses at 100 Hz) gave rise to slow EPSCs in 8 of 11 neurons tested, with a mean amplitude of 14.1 Ϯ 4.8 pA. Slow currents could be produced by a peptide neuromodulator or by an amino acid acting at a metabotropic glutamate receptor. We therefore tried blocking glutamate reuptake with the glutamate transporter blocker TBOA, which would enhance a glutamate response but not a nonglutamate neuromodulator response. TBOA (100 M) significantly en-hanced the amplitude of the slow EPSCs (to 241.0 Ϯ 25.1% of control; n ϭ 6; p Ͻ 0.05) (Fig. 1 A, B) .
Because both mGluR1 and mGluR5 have been described previously in the LH (van den Pol, 1994; van den Pol et al., 1995) , we tried blocking the slow inward current with selective mGluR antagonists. As shown in Figure 1C , the amplitude of the slow EPSC was significantly reduced by application of the selective mGluR1 antagonist LY367385 (100 M), together with the mGluR5 antagonist MPEP (20 M) (amplitude reduced to 39.2 Ϯ 6.6% of control; n ϭ 5; p Ͻ 0.05) (Fig. 1 D) and returned to control level after antagonist washout (to 95.7 Ϯ 9.8% of control) (Fig.  1 D) . The time-voltage integral, a measure of the total current blocked, was reduced to 28.0 Ϯ 8.1% of control (n ϭ 5; p Ͻ 0.05) in the presence of the two receptor antagonists.
To confirm that the recorded slow EPSC was not caused by direct activation of postsynaptic MCH neurons by electric spread through the slice, TTX was applied as a control test at the end of the experiment. TTX (1 M) totally blocked the slow EPSC in all cells tested (n ϭ 6; data not shown).
We also evaluated the actions of electrical stimulation in LH on MCH neuronal activities in current clamp. In the presence of ionotropic glutamate receptor antagonists APV (50 M), CNQX (10 M), and GABA A receptor antagonist BIC (30 M), stimulation of the LH with short trains (20 pulses at 100 Hz) robustly depolarized MCH neurons and induced action potential discharge in all cells tested (n ϭ 10) (Fig. 1 E) . Together, these results suggest that group I mGluRs may be activated by synaptically released glutamate under conditions of strong synaptic activity, leading to an increase in excitation.
Activation of group I mGluRs depolarizes and excites MCH neurons
To further test the hypothesis that MCH neurons express active group I mGluRs, we used whole-cell current clamp and evaluated the effect of group I mGluR agonists on MCH neuronal activity in hypothalamic slices. Application of quisqualate, a broad spectrum group I mGluR agonist (5 M, in the presence of 10 M CNQX to block any AMPA receptor activation), depolarized and excited MCH neurons (increase in spike frequency from 0.21 Ϯ 0.20 to 2.16 Ϯ 0.25 Hz; membrane depolarization, 7.8 Ϯ 0.5 mV; n ϭ 6) (Fig. 2 A) . Application of ACPD (50 M), a group I/II mGluR agonist, also depolarized and excited MCH neurons (increase in spike frequency from 0.20 Ϯ 0.10 to 2.20 Ϯ 0.56 Hz; membrane depolarization, 7.6 Ϯ 0.6 mV; n ϭ 5) (Fig. 2 A) . We next used a specific group I mGluR agonist, DHPG. DHPG (100 M) significantly depolarized GFPexpressing MCH neurons in all the neurons tested (n ϭ 14), inducing action potential discharge (Fig. 2 B) or increasing the frequency of action potential. DHPG increased the mean frequency of action potentials from 0.34 Ϯ 0.11 to 2.91 Ϯ 0.43 Hz (n ϭ 14; p Ͻ 0.05) (Fig. 2C ). The membrane potential or spike frequency generally recovered to control levels after 3-10 min washout of DHPG (Fig. 2 B) . The depolarizing effect of DHPG was dose dependent, with a mean depolarization of 5.4 Ϯ 0.6 mV at 10 M and 10.7 Ϯ 0.7 mV at 100 M compared with pretreatment levels (n ϭ 4; p Ͻ 0.05; ANOVA) (Fig. 2 D) . No significant effect on membrane potential was detected with 1 M DHPG (Fig. 2 D) (n ϭ 5; p Ͼ 0.5; ANOVA). These results indicate that activation of group I mGluR has strong excitatory actions on MCH neurons.
Direct actions of group I mGluRs on MCH neurons
To study whether group I mGluR activation directly regulates MCH neuronal activity, we evaluated the actions of DHPG in the presence of ionotropic glutamate receptor antagonists and a sodium channel blocker. In the presence of APV (50 M), CNQX (10 M), and TTX (1.0 M) in the bath, application of DHPG (100 M) resulted in a robust depolarization of the membrane potential ( Fig. 3C , control), with a mean membrane depolarization of 10.3 Ϯ 0.9 mV (n ϭ 10; p Ͻ 0.05) (Fig. 3D ). To determine whether the excitatory actions of DHPG on MCH neurons were accompanied by changes in the whole-cell input resistance, we delivered negative current steps (from Ϫ10 to Ϫ70 pA during 200 ms; increments of 10 pA) through the recording pipette and evaluated the changes in the membrane potential before and after DHPG application. With DHPG (100 M), the hyperpolarizing shifts in the membrane potential in response to the injection of negative current steps were not clearly changed (Fig. 3A) . A linear function was fitted to the current-voltage relationship, and DHPG had no significant effect on the input resistance calculated from the slope of the fitted line (predrug, 649.2 Ϯ 48.0 m⍀; DHPG, 617.4 Ϯ 64.5 m⍀; p Ͼ 0.05; n ϭ 6) ( Fig. 3B) . We next addressed the question as to which mechanisms were responsible for mGluR-mediated depolarization.
First, to study the Na ϩ contribution to DHPG-induced depolarization in MCH neurons, we performed experiments in which NaCl was replaced by equimolar concentrations of Tris-HCl or choline chloride in the extracellular solution in the presence of TTX (Liu et al., 2002; Wu et al., 2004; Sekizawa and Bonham, 2006) . When Na ϩ was replaced by Tris, the DHPG-induced depolarization was almost completely abolished in all of the cells tested ( Fig. 3C ,D) (change of membrane potential with Tris extracellular solution, 2.5 Ϯ 0.3 mV; n ϭ 6; p Ͻ 0.05 when compared with control). Similarly, replacement of Na ϩ with choline also significantly reduced the DHPG-induced depolarization (change of membrane potential with choline extracellular solution, 2.3 Ϯ 0.4 mV; n ϭ 7; p Ͻ 0.05 when compared with control) (data not shown). These results suggest that DHPG actions on the membrane potential were primarily dependent on extracellular Na ϩ .
We then tested the effects of external Ni 2ϩ , a nonselective blocker of the Na ϩ /Ca 2ϩ exchanger (Kimura et al., 1987 ; Eriksson et a., 2001), on DHPG-induced depolarization. NiCl 2 (3 mM) abolished the depolarization by DHPG. With NiCl 2 in the bath, the depolarization by DHPG was 2.9 Ϯ 0.5 mV (n ϭ 7; p Ͻ 0.05 compared with control) (Fig. 3C,D) . To further test for the involvement of the Na ϩ /Ca 2ϩ exchanger, we added the fast-acting Ca 2ϩ buffer BAPTA (10 mM) to the intracellular pipette solution to buffer the internal Ca 2ϩ . Infusion of BAPTA in the internal solution for 8 -10 min significantly reduced the depolarization by DHPG (change of membrane potential with BAPTA intracellular solution, 2.8 Ϯ 0.6 mV; n ϭ 6; p Ͻ 0.05 when compared with control) (Fig. 3C,D) , consistent with the involvement of the Na ϩ / Ca 2ϩ exchanger. In addition, removal of extracellular Ca 2ϩ in the presence of normal Mg 2ϩ enhanced the response to DHPG. With nominal calcium in the extracellular solution, the depolarization by DHPG was 14.2 Ϯ 1.3 mV (n ϭ 7), which is a significant increase when compared with control ( p Ͻ 0.05) (Fig.  3C,D) . We next tested the effect of KB-R7943, a selective Na ϩ / Ca 2ϩ exchanger blocker (Iwamoto et al., 1996) , on DHPGinduced depolarization. Application of KB-R7943 (60 M) significantly blocked the depolarization by DHPG (change of membrane potential in the presence of KB-R7943, 2.5 Ϯ 0.4 mV; n ϭ 6; p Ͻ 0.05 when compared with control) (Fig. 3C , KB-R7943, D). Finally, to determine the reversal potential of DHPGinduced current, slow voltage ramp protocols (from Ϫ120 to ϩ40 mV for 5 s) were delivered to the MCH neurons. These experiments were done in the presence of TTX (1.0 M), TEA (40 mM), and CdCl 2 (200 M) in the bath and using Cs-based pipette solution to block the voltage-dependent Na ϩ , K ϩ , and Ca 2ϩ currents that could be activated by these depolarizing protocols. DHPG evoked a consistent inward current, which showed a mean reversal potential of 1.8 Ϯ 4.2 mV (n ϭ 9; range, Ϫ14.0 to ϩ15.0 mV) (Fig. 3E ), consistent with a Na ϩ /Ca 2ϩ exchanger current (Kimura et al., 1987; Ehara et al., 1989) . These results suggest that mGluR activation depolarizes the MCH neurons through activation of the Na ϩ /Ca 2ϩ exchanger. To determine whether mGluRs might modulate voltagedependent potassium currents, we studied the current responses of MCH neurons after a voltage step from Ϫ60 to ϩ10 mV (Gao and van den Pol, 2001 ). All of these experiments were done in the presence of TTX (1.0 M) and CdCl 2 (200 M) in the bath to block the voltage-dependent sodium and calcium channels, respectively. DHPG (50 M) significantly decreased the outward current to 81.2 Ϯ 4.3% of control (n ϭ 6; p Ͻ 0.05) (Fig. 3 F, H ).
To test for the K ϩ dependence of the outward current, K ϩ channel blockers TEA and CsCl were used. Application of TEA (20 M) and CsCl (2 M) dramatically reduced the outward current (to 25.4 Ϯ 3.4% of control) and blocked the inhibitory action of DHPG on the current (to 24.6 Ϯ 3.8% of control; p Ͼ 0.05 when comparing the current amplitude in the presence or absence of DHPG; n ϭ 6) ( Fig. 3 F, H ) . The time course of DHPG and potassium blocker actions on the outward currents is shown in Figure 3G . These results suggest that DHPG exerts an inhibitory action on potassium currents, which may also contribute to the depolarization by mGluRs.
We also evaluated DHPG actions on voltage-dependent calcium currents using CsCH 3 SO 3 pipettes. In these experiments, TEA (40 mM)-containing ACSF was used as the extracellular solution to inhibit potassium currents (the same amount of NaCl was removed to preserve the osmolarity in the bath). BaCl 2 was substituted for CaCl 2 to increase the conductance at the calcium channels, and the voltage-dependent sodium currents were blocked by addition of TTX (1.0 M) to the bath. To activate the barium current (I Ba ), a voltage step from Ϫ80 to 0 mV for 200 ms was delivered to the MCH cells (Fig. 3I ). Under these conditions, DHPG (50 M) application resulted in a consistent decrease in the I Ba , as shown in the representative traces of Figure 3I . In six cells tested, DHPG significantly decreased the I Ba to 81.5 Ϯ 6.4% of control amplitude ( p Ͻ 0.05) (Fig. 3J ) . Application of CdCl 2 (200 M) to the recorded cells resulted in a complete abolition of the current response to the voltage steps, confirming that they were attributable to the activation of calcium channels (n ϭ 3) (Fig.  3I ) . Next, we evaluated the voltage dependence of the DHPG effects on the calcium channels. To address this issue, a voltage ramp command (from Ϫ60 to ϩ40 mV for 300 ms) was delivered to the MCH cells, and the current responses in the absence and presence of DHPG were determined. DHPG caused a consistent decrease in the current response of the MCH cells with the voltage ramp protocol (Fig. 3K ) . When scaling the subtracted current to the control current, there is a shift of the two currents (Fig. 3K, inset) . Moreover, the fractional inhibition of I Ba induced by DHPG varied at membrane potentials generating robust barium currents (between Ϫ40 and 0 mV; n ϭ 6) (Fig. 3L) , suggesting some voltage dependence. A further complication in addressing the question of voltage dependence is the inability to achieve a perfect voltage clamp because of space clamp problems when recording from cells with long dendrites. Together, these results suggest that the activation of mGluRs modulates calcium channels by a mechanism that may show some voltage dependence.
The DHPG-induced depolarization is mediated by mGluR1 and mGluR5 Both mGluR1 and mGluR5 immunoreactivities have been shown in the LH (van den Pol, 1994; van den Pol et al., 1995) . We therefore used selective antagonists of mGluR1 and mGluR5 to study the roles of mGluR subtypes in mediating the depolarizing effect of DHPG. In control conditions, the depolarization by DHPG was 10.3 Ϯ 0.9 mV (n ϭ 10). As shown in Figure 4 , A and B, when the slice was pretreated for 10 -15 min with LY367385, an mGluR1 antagonist (Clark et al., 1997) , the depolarization by DHPG was significantly reduced. In the presence of LY367385 (100 M), the depolarization by DHPG was 3.9 Ϯ 0.3 mV (n ϭ 13; p Ͻ 0.05 compared with control; ANOVA) (Fig. 4 A, B) . Similarly, when the slice was pretreated with MPEP, an mGluR5 antagonist (Gasparini et al., 1999) , the depolarization by DHPG was also significantly reduced. With MPEP (20 M) in the bath for 10 -15 min, the depolarization by DHPG was 4.8 Ϯ 0.4 mV (n ϭ 11; p Ͻ 0.05 compared with control; ANOVA) (Fig. 4 A, B) . When the slice was pretreated with both LY367385 and MPEP, the depolarization by DHPG was further reduced and the depo- larization was 2.2 Ϯ 0.2 mV (n ϭ 8; p Ͻ 0.05 when compared with control; ANOVA) (Fig. 4 A, B) . When comparing the effect on the depolarization of coadministration of LY367385 and MPEP with either LY367385 or MPEP alone, a statistically significant difference was detected, suggesting that DHPG depolarizes MCH neurons through activation of both mGluR1 and mGluR5 subtypes in MCH neurons. Even in the presence of both mGluR1 and 5 antagonists, DHPG still evoked a modest depolarization in some cells; this has been reported in neurons in other brain regions and may relate to incomplete block at the antagonist concentrations used or to interactions between the two receptors when expressed in the same cell that may alter their response profile (Mannaioni et al., 2001; Poisik et al., 2003; Rae and Irving, 2004; Bonsi et al., 2005) .
mGluR-mediated membrane depolarization desensitizes
During prolonged application (50 M; 3 min), the depolarization by DHPG rapidly reached a plateau and then slowly headed toward the baseline (n ϭ 3) (Fig. 5A) , suggesting a receptor desensitization after sustained activation. We then performed another experiment using repeated DHPG applications (100 M; 6 s). The first application induced a large transient depolarization and returned to baseline within 2 min. After repetitive DHPG applications, a progressive decrease in the amplitude of the responses was recorded (Fig. 5 B, E) . The second application of DHPG induced a depolarization that of 74.5 Ϯ 2.3% (n ϭ 6; p Ͻ 0.05) of the first response. We investigated which receptor subtype mediated the DHPG-induced desensitization. As shown in Figure 5C , when the slices were pretreated with mGluR5 antagonist MPEP (20 M) for 15-20 min, with repetitive DHPG applications (100 M, 6 s; 2 min interval) a progressive decline in the amplitude of depolarization (Fig. 5C,E) was found. In the presence of MPEP, the second response to DHPG was 78.7 Ϯ 1.8% (n ϭ 7; p Ͻ 0.05) in amplitude of the first response. However, when the slices were pretreated with mGluR1 antagonist LY367385 (100 M) for 15-20 min, the desensitization of membrane depolarization by DHPG (100 M, 6 s; 2 min interval) was blocked (Fig. 5 D, E) . In the presence of LY367385, the amplitude of the second response to DHPG was 100.3 Ϯ 2.6% of the amplitude (n ϭ 7; p Ͼ 0.05) of the first response. Both mGluR1 and mGluR5 have been reported to desensitize after prolonged agonist application (Dhami and Ferguson, 2006) . In contrast, our results suggest that in MCH cells, mGluR1 is primarily responsible for the desensitization by DHPG.
Group I mGluRs potentiate NMDA-evoked currents in MCH neurons
To investigate whether group I mGluR activation influences ionotropic glutamate receptors on MCH neurons, NMDA or AMPA was repeatedly applied to the cell with or without DHPG in the bath. All the experiments were performed in the presence of 1 M TTX to block confounding synaptic activity. As shown in Figure 6 A, application of NMDA (30 M, 10 s) induced a transient and reversible membrane depolarization, and this depolarization was stable after repeated NMDA application (n ϭ 3). As shown above, application of DHPG (50 M) caused a rapid depolarization and then desensitized slowly. With DHPG in the bath, further application of NMDA produced a marked increase of membrane depolarization (to 155.2 Ϯ 8.6% of control amplitude; n ϭ 11; p Ͻ 0.05) (Fig. 6 B, G) . In contrast, application of DHPG showed little effect on AMPA (20 M, 5 s)-evoked currents (to 104.0 Ϯ 6.8% of control amplitude; n ϭ 6) (Fig. 6 E, G) . We also studied the effect of DHPG on GABA A receptor agonist muscimol-evoked currents in MCH neurons. Application of DHPG had no significant effect on muscimol (15 M, 5 s)-evoked current (to 105.3 Ϯ 6.3% of control amplitude; n ϭ 5) (Fig.  6 F, G) .
The possible mechanisms by which DHPG potentiates the NMDA-evoked currents were then examined. First, we studied the effect of depolarization on NMDA-evoked currents. Depolarizing MCH neurons ϳ10 mV (similar to DHPG effect on membrane potential) through injection of positive currents into the cell showed little effect on NMDA-evoked currents (to 105.4 Ϯ 7.2% of control amplitude; n ϭ 4) (data not shown), suggesting that the potentiating effect of DHPG on NMDA-evoked currents is not caused by the depolarization. Then, we studied the role of protein kinase (PK) activation in the potentiation of NMDAevoked currents. As shown in Figure 6C , when pretreated with chelerythrine (1 M), a selective PKC inhibitor, for 20 -30 min, application of DHPG showed little potentiating effect on NMDA-evoked currents (to 97.2 Ϯ 4.8% of control amplitude; n ϭ 6; p Ͼ 0.5) (Fig. 6G) . In another set of experiments, when pretreated with KT 5720 (1 M), a selective PKA inhibitor, for 20 -30 min, application of DHPG also showed no significant effect on NMDA-evoked currents (to 102.5 Ϯ 5.2% of control amplitude; n ϭ 8; p Ͼ 0.5) (Fig. 6 D, G) . These results suggest that activation of both PKC and PKA contributes to the DHPG potentiating effect on NMDA-evoked currents.
NMDA responses typically are short, in the millisecond range. In contrast, the potentiation of DHPG on NMDA-evoked currents was long lasting. As shown in Figure 6 H, 25-30 min after application of DHPG, a potentiating effect on NMDA-evoked currents was still apparent (to 150.2 Ϯ 6.3% of control; n ϭ 9; p Ͻ 0.05). In three cells, the NMDA-evoked currents remained increased by 42.1 Ϯ 4.6% above control levels ( p Ͻ 0.05) 45-50 min after DHPG application. Longer intervals were not tested.
mGluRs enhance NMDA receptor-mediated EPSC in MCH neurons
The above experiments showed that mGluRs enhanced the NMDA current induced by exogenous application of NMDA to the surface of the slice. We then investigated whether group I mGluR activation affects NMDAR-EPSC evoked by electrical stimulation of the LH. The NMDAR-EPSCs were recorded with modified ACSF with 0 Mg 2ϩ and 20 M glycine in the bath. CNQX (10 M) and BIC (30 M) were also added to the bath to block the AMPA and GABA A receptor currents, respectively. When holding the membrane potential at Ϫ60 mV, the NMDAR-EPSCs were detected as inward currents, and the selective NMDA receptor antagonist APV (50 M) completely blocked the currents in all the cells tested (n ϭ 22) (Fig. 7A , right trace), confirming that they are mediated through activation of NMDA receptors. As shown in Figure 7A , application of DHPG (50 M) significantly increased the amplitude of NMDAR-EPSC (to 179.0 Ϯ 23.3% of control; n ϭ 6; p Ͻ 0.05) (Fig. 7E) . Consistent with the effect of DHPG on exogenous NMDA-evoked current, the potentiating effect of DHPG on NMDAR-EPSC was long lasting and persisted for as long as the recording was maintained (up to 60 min). The potentiation measured at 30 min after DHPG application was 188.2 Ϯ 17.0% of control (n ϭ 6; p Ͻ 0.05) (Fig. 7A) . In two of two cells recorded for 1 h after DHPG application, the NMDAR-EPSC remained increased by 71.1 Ϯ 12.3% above control levels. Figure 7D shows the time course of the effect of DHPG on NMDAR-EPSCs.
We then studied which receptor subtypes mediate the potentiating effect of DHPG on NMDAR-EPSC. As shown in Figure 7B , after pretreatment with the mGluR5 antagonist MPEP (20 M) for 15-20 min, application of DHPG (50 M) showed little potentiating effect on the amplitude of NMDAR-EPSC (to 103.4 Ϯ 10.3% of control; n ϭ 5; p Ͼ 0.05) (Fig. 7E) . In contrast, after pretreatment with the mGluR1 antagonist LY367385 (100 M) for 15-20 min, DHPG (50 M) still significantly increased the amplitude of NMDAR-EPSC (to 162.6 Ϯ 6.2% of control; n ϭ 6; p Ͻ 0.05) (Fig. 7C,E) . This effect was long lasting (to 168.6 Ϯ 8.3% of control 30 min after DHPG application) (Fig.  7C) . These results suggest that the potentiating effect of DHPG on NMDAR-EPSC is mediated by activation of mGluR5. The time course of DHPG on electrically evoked NMDAR-EPSCs in the presence of LY367385 or MPEP is shown in Figure 7D .
To determine the synaptic site of mGluR actions on electrically evoked NMDAR-EPSC, we examined the effect of DHPG on the amplitude of the second EPSC divided by that of the first one (paired-pulse ratio; see Materials and Methods). EPSCs were elicited by two successive stimuli of identical strength at an interval of 60 ms. As shown in Figure 7F , application of DHPG (50 M) had little effect on the NMDAR-EPSC paired-pulse ratio (from 1.6 Ϯ 0.2 to 1.5 Ϯ 0.1; n ϭ 5; p Ͼ 0.5). Figure 7G shows the paired-pulse ratio before and after DHPG in each individual cell tested. This result suggests that the potentiating effect of DHPG on electrically evoked NMDAR-EPSC is through direct activation of postsynaptic mGluRs expressed in MCH neurons, rather than by altering glutamate release.
Group I mGluRs increase excitatory synaptic transmission in MCH neurons
We next investigated the effect of DHPG on synaptic transmission in MCH neurons. First, we tested DHPG actions on EPSCs in MCH neurons. In these experiments, BIC (30 M) was added to the bath. As shown in Figure 8 , A and B, DHPG (50 M) significantly increased the frequency of spontaneous EPSCs (sEPSCs) (to 365.0 Ϯ 52.0% of control; n ϭ 6; p Ͻ 0.05). In the presence of DHPG, averaged sEPSC amplitude was also significantly increased (to 127.0 Ϯ 5.3% of control; n ϭ 6; p Ͻ 0.05) (Fig. 8 A, B) . The effect of DHPG on EPSCs is reversible and generally recovered to control levels after 3-8 min of washout. Further application of the glutamate receptor antagonists CNQX (10 M) and APV (50 M) completely suppressed the synaptic currents, confirming the glutamatergic nature of these currents (n ϭ 3; data not shown). The effect of DHPG on miniature EPSCs (mEPSCs) in the presence of TTX was then studied. With TTX (1.0 M) in the bath, DHPG showed no significant effect on mEPSCs (to 122.2 Ϯ 23.0 and 108.0 Ϯ 5.6% of control frequency and amplitude, respectively; n ϭ 7; p Ͼ 0.5) (Fig. 8C,D) . These results suggest that DHPG has an excitatory effect on presynaptic cell bodies synapsing with MCH neurons.
Next, we investigated the effect of DHPG on IPSCs in MCH neurons in the presence of the ionotropic glutamate receptor blockers APV (50 M) and CNQX (10 M). As shown in Figure 8 , E and F, DHPG (50 M) significantly increased the frequency or amplitude of sIPSCs (to 159.0 Ϯ 18.1 and 168.3 Ϯ 21.1% of control frequency and amplitude, respectively; n ϭ 6; p Ͻ 0.05). Application of the GABA A receptor antagonist BIC completely suppressed the synaptic currents, confirming that they are attributable to the activation of GABA A receptors (n ϭ 3) (data not shown). The effect of DHPG on mIPSCs was also studied. With TTX (1.0 M) in the bath, DHPG showed little effect on mIPSCs (to 95.6 Ϯ 11.1 and 110.0 Ϯ 6.0% of control frequency and amplitude, respectively; n ϭ 7; p Ͼ 0.5) (Fig. 8G,H ) .
We then studied whether there is a tonic activation of group I mGluRs on MCH neurons. Spontaneous IPSCs were first studied. With APV (50 M) and CNQX (10 M) in the bath, coapplication of LY367385 (100 M) and MPEP (20 M) had little effect on sIPSC in MCH neurons (to 93.0 Ϯ 9.0 and 101.2 Ϯ 8.0% of control frequency and amplitude, respectively; n ϭ 6; p Ͼ 0.5) (data not shown). We then investigated the action of group I mGluR antagonists on MCH membrane potential. Coapplication of LY367385 (100 M) and MPEP (20 M) showed little effect on the membrane potential of MCH neurons (change by 0.9 Ϯ 1.1 mV; n ϭ 6; p Ͼ 0.5) (data not shown). These results suggest that there is no detectable ongoing activation of group I mGluRs on MCH neurons.
Direct excitation of hypocretin neurons by mGluR activation
We also studied mGluR-mediated actions on another cell type in LH, the hypocretin neuron. These cells send excitatory synaptic input to the MCH neurons and could be one source of the mGluR-potentiated EPSCs. The hypocretin cells play a role in enhancing cognitive arousal, and cell loss results in narcolepsy. DHPG (100 M) dramatically depolarized the membrane potential and increased the spike frequency of GFP-expressing hypocretin neurons (from 2.9 Ϯ 0.3 to 4.3 Ϯ 0.5 Hz; n ϭ 4; p Ͻ 0.05) (data not shown). In the presence of TTX (1 M) and glutamate receptor antagonists CNQX (10 M) and APV (50 M), DHPG depolarized the membrane potential by 7.9 Ϯ 0.8 mV (n ϭ 4; p Ͻ 0.05), suggesting a direct effect on hypocretin neurons. In addition, application of DHPG (50 M) significantly increased the frequency of sEPSC in hypocretin neurons (from 4.8 Ϯ 0.6 to 7.3 Ϯ 0.8 Hz; n ϭ 6; p Ͻ 0.05) (data not shown).
These results indicate that activation of group I mGluRs excites not only MCH neurons but also hypocretin neurons.
Discussion
In the present study, we used voltage-and current-clamp whole-cell recording to study the actions of group I mGluR agonists and antagonists on identified GFP-expressing MCH neurons in the lateral hypothalamus, a region in which excitatory mGluR actions have not been studied. Electrical stimulation in the lateral hypothalamus produced a slow EPSC, which was not blocked by ionotropic glutamate receptor antagonists, but could be blocked by group I mGluR antagonists. Group I mGluR agonists depolarized and excited MCH neurons; the depolarizing effect was attributable to a mechanism involving activation of the Na ϩ /Ca 2ϩ exchanger and inhibition of potassium current. Remarkably, brief mGluR activation exerted a long-lasting enhancement of NMDA responses. In addition, mGluR activation increased the frequency of EPSCs in MCH cells. Because MCH neurons appear to play an important role in the regulation of food intake and energy homeostasis, the substantive actions of group I mGluRs on these cells suggest glutamate acting on these receptors may represent an integral part of the energy homeostasis system.
DHPG direct and indirect excitation of MCH neurons
Group I mGluR agonists excited MCH neurons through direct and indirect mechanisms. The results that DHPG-induced depolarization persisted in the presence of TTX and ionotropic glutamate receptor antagonists suggest a direct postsynaptic action on MCH neurons. Several lines of evidence suggest that mGluRs act directly through activation of Na ϩ /Ca 2ϩ exchanger. First, the DHPG-induced depolarization was strongly depressed or eliminated by replacement of extracellular Na ϩ with Tris or choline. Second, the heavy metal nickel, which shows no effect on the Na ϩ -dependent nonselective cation current, significantly reduced the depolarization. Third, the depolarization was greatly reduced by inclusion of the high-affinity Ca 2ϩ chelator BAPTA in the pipette solution. Activation of the nonselective cation channel is also dependent on the extracellular Na ϩ , but it is not affected by changes in intracellular Ca 2ϩ (Farkas et al., 1996; Liu et al., 2002) , suggesting this is not the primary mechanism. Fourth, the depolarization was substantially blocked by the selective Na ϩ /Ca 2ϩ exchanger blocker KB-R7943. Fifth, the reversal potential of the DHPG-induced current is consistent with the activation of Na ϩ /Ca 2ϩ exchanger (Kimura et al., 1987; Ehara et al., 1989) . The mGluR-mediated inward current in MCH neurons has slow kinetics and is enhanced after blockade of glutamate transporters by TBOA, resembling a slow current typical of metabotropic receptor activation (Brasnjo and Otis, 2001; Huang et al., 2004) . Group I mGluR activation significantly attenuated potassium currents, suggesting that, in addition to activation of the Na ϩ /Ca 2ϩ exchanger, reduction in potassium currents may also contribute to the depolarizing effect of DHPG.
In addition to the direct actions on postsynaptic mGluR receptors, an indirect excitatory effect was also found. DHPG dramatically increased the frequency of spontaneous, but not miniature, EPSCs, suggesting strong excitatory actions on presynaptic glutamatergic cell bodies, leading to an increased release of glutamate onto MCH neurons. In contrast to the strong postsynaptic actions in MCH cells, previous work on medial hypothalamus magnocellular neurons has suggested predominately presynaptic actions of mGluRs (Schrader and Tasker, 1997a) , although reduced potassium currents were found (Schrader and Tasker, 1997b) ; a mechanism similar to the one we described here based on the Na ϩ /Ca 2ϩ exchanger was not detected.
Long-lasting enhancement of NMDA currents
We found that a short period of mGluR activation had a selective potentiating effect on NMDA-evoked currents, with little effect on AMPA-or muscimol-evoked currents. More importantly, we recorded NMDA receptor-mediated synaptic currents in MCH neurons evoked by electrical stimulation in LH; the electrically evoked NMDAR-EPSCs were significantly potentiated via a postsynaptic mechanism by DHPG. Furthermore, in contrast to the brief enhancing effect of mGluR activation on NMDA currents in other brain areas (Bleakman et al., 1992; Awad et al., 2000; Mannaioni et al., 2001; Benquet et al., 2002) , and the attenuation of NMDA currents in some cells (Yu et al., 1997) , in MCH neurons, the DHPG-potentiated NMDA responses induced by either exogenous NMDA application or by electrical stimulation were long lasting. The long-lasting effect of DHPG on NMDA responses is unlikely to be caused by a slow washout of the drug, because the actions of DHPG on spike frequency, membrane potential, and postsynaptic currents were reversible and returned to control levels within minutes after drug washout. Long-lasting effects of mGluRs have not been reported previously in the hypothalamus but may constitute an important mechanism for long-term integration of information related to energy homeostasis. Glutamate agonist injection into the LH causes an extended (several hours) increase in food intake, whereas blocking glutamate receptors reduces food intake (Stricker-Krongrad et al., 1992; Stanley et al., 1993 Stanley et al., , 1996 Khan et al., 2004) . Electrophysiologically, ionotropic responses are typically fast (milliseconds) and short. The long-lasting effect of mGluR activation on NMDA responses at least 1 h after brief mGluR activation could contribute to the long-lasting effects on feeding of these glutamate agonists. Along parallel lines, potentiation of NMDA responses in the hippocampus by mGluR activation may be involved in a form of learning, long term potentiation (O'Connor et al., 1994; Kotecha et al., 2003) . The DHPG-induced MCH membrane depolarization desensitizes rapidly, whereas the potentiating effect on NMDA response is long-lasting. This suggests that once potentiated, the NMDA effect may be independent of ongoing mGluR sustaining actions. Antagonists selective for mGluR1 or mGluR5 both reduced the DHPG-induced membrane depolarization of MCH neurons, consistent with previous immunocytochemical evidence that both receptors are expressed in the LH (van den Pol, 1994; van den Pol et al., 1995) . The potentiating effect of mGluR activation on NMDA response may be dependent on mGluR5, because it was blocked by an mGluR5, but not mGluR1, selective antagonist.
Although during baseline levels of activity, mGluRs were not activated, electrical stimulation in the LH activated mGluRs in MCH neurons. In contrast, stimulation in the hypothalamic supraoptic nucleus (Schrader and Tasker, 1997b) and subthalamic nucleus (Awad et al., 2000) did not activate mGluRs. Although MCH cells are generally inactive compared with nearby hypocretin (Li et al., 2002) or GABA neurons (Huang et al., 2007) , mGluR activation may increase MCH neuron activity by multiple excitatory mechanisms, including enhancement of NMDA receptor activity, depolarization, and enhanced glutamate release.
In the present study, the potentiating action of DHPG on NMDA responses is blocked by both PKC and PKA inhibitors, suggesting that activation of both protein kinases are involved. PKC modulation of NMDA receptors has been shown in various brain regions (McBain and Mayer, 1994; Bordi and Ugolini, 1999) . Accumulating evidence suggests that PKA is also an important modulator of NMDA receptor function (Raman et al., 1996; Leonard and Hell, 1997; Wang et al., 2003; Bird et al., 2005; Skeberdis et al., 2006) . Activation of group I mGluRs is commonly associated with PLC and PKC activation; group I mGluRs can also activate adenylyl cyclase and PKA (Conn and Pin, 1997; Valenti et al., 2002) . The mGluR-activated PKA or PKC may phosphorylate a substrate involved in the enhancement of the NMDA response (Wooten et al., 1996) .
In some cases, DHPG may be able to act as a coagonist at the glycine site of NMDA receptors and thus potentiate NMDA responses (Contractor et al., 1998) or to act via a G-proteinindependent means (Benquet et al., 2002) . It is unlikely that either of these mechanisms accounts for the MCH neuron response that we studied, because PKA and PKC blockers, as well as mGluR5 antagonists, all blocked the effect of DHPG on MCH neurons, consistent with an mGluR G-protein-mediated mechanism.
Relevance to MCH neuron role in energy homeostasis
Many studies have focused on neuropeptide modulation in food intake and energy metabolism, whereas the actions of the primary excitatory transmitter glutamate and its receptors have not received much attention. In the present study, we found that metabotropic glutamate receptor activation exerts strong excitatory effects on MCH and hypocretin neurons in the LH, suggesting these receptors may be involved in food intake and energy homeostasis. Supporting this view, mice lacking mGluR5 weigh less than their normal littermates and an mGluR5 antagonist MPEP decreases fasting-induced refeeding in wild but in not mGluR knock-out mice (Bradbury et al., 2005) . mGluRs may interact with signals related to energy homeostasis. For instance, mGluRs may modulate leptin or insulin actions. On a high fat diet, mGluR5 knock-out mice weighed less and had decreased plasma insulin and leptin concentrations (Bradbury et al., 2005) . Hypocretin axons make synaptic contact with MCH cells van den Pol et al., 2004) , and hypocretin exerts a strong excitatory action on MCH neurons . We showed here that mGluR receptor activation dramatically depolarized and excited hypocretin neurons, suggesting that an additional indirect mechanism by which mGluRs may excite MCH neurons is through activation of the hypocretin system. The mGluR-mediated increase in EPSCs could be, in part, attributable to the release of glutamate from the hypocretin neuron (Abrahamson et al., 2001 ). Thus, mGluRs may modulate food intake, energy homeostasis, and possibly cognitive arousal by short and long-lasting modulation of the activity of both MCH and hypocretin neurons.
